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Summary
Deep convective clouds frequently produce very intense precipitation which may lead to
localised flooding, depending on the duration of the event. Because of its nature, the
lifetime of a convective cell is limited by a number of factors, one of which is characterised
by the reduction of available convective potential due to compensating subsidence in the
vicinity of the cloud.
This paper addresses the estimation of the upper limit of convectively generated precip-
itation for given atmospheric initial conditions. The presented idealised one-dimensional
cloud model is based on the principle of balanced mass-fluxes in each model layer. The pre-
cipitation intensity is derived via a commonly used saturation adjustment scheme neglect-
ing microphysical processes. The condensation rate critically depends on the magnitude
of convective lifting inside of the cloud which is computed from the vertical component
of the equations of motion. The influences of water loading and mass entrainment of air
are incorporated.
Finally, the results of a sensitivity study are presented which illustrate the dominating ef-
fects that confine the lifetime and intensity of an idealised heavy precipitation convective
storm.
Zusammenfassung
Konvektive Wolken mit großer vertikaler Erstreckung verursachen ha¨ufig intensive Nieder-
schla¨ge, welche wiederum abha¨ngig von der Andauer zu lokalen U¨berschwemmungen
fu¨hren ko¨nnen. Aufgrund seiner Natur wird die Lebensdauer einer konvektiven Zelle
durch mehrere Faktoren begrenzt, zu denen auch die Verringerung des verfu¨gbaren kon-
vektiven Potenzials durch ausgleichende Absinkbewegungen außerhalb der Wolke za¨hlt.
Dieser Artikel behandelt die Abscha¨tzung der Obergrenze konvektiv erzeugbaren Nieder-
schlags fu¨r gegebene atmospha¨rische Ausgangsbedingungen. Das vorgestellte idealisierte
eindimensionale Wolkenmodell beruht auf dem Konzept eines ausgeglichenen Massen-
flusses in jeder Modellschicht. Die Niederschlagsintensita¨t wird durch ein vielfach ver-
wendetes Sa¨ttigungsanpassungsschema abgeleitet, worin mikrophysikalische Prozesse ver-
nachla¨ssigt werden. Die Kondensationsrate ha¨ngt in großem Maße von der Sta¨rke der
konvektiven Hebung innerhalb der Wolke ab, welche aus der vertikalen Komponente der
Bewegungsgleichungen berechnet wird. Die Einflu¨sse von Niederschlagslast und Masse
eingemischter Luft werden beru¨cksichtigt.
Abschließend werden die Ergebnisse einer Sensitivita¨tsstudie vorgestellt, worin die do-
minierenden Effekte veranschaulicht werden, die Lebenszeit und Intensita¨t einer ideal-
isierten Starkniederschlagszelle eingrenzen.
1 Introduction
Convective precipitation may result from a huge variety of possible size, intensity, num-
ber and arrangement of individual or conglomerated cells. The responsible columns of
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ascending in-cloud air mass usually do not exist longer than half an hour in most environ-
ments, but they might be followed by another convective cycle or nearby updrafts in their
vicinity. Apart from a couple of special configurations, convective activity can take on
rather chaotic shapes. This is one of the key points why modeling of convection remains
a challenging task to date.
1.1 Vertical velocity
Nevertheless, there exist some common features that apply to all types of convection.
The most important ingredient is the buoyancy force, as it is the primary source for rising
motion within convective clouds. Its contribution to vertical acceleration is determined
from the vertical component of the equations of motion, which can be written as
dw
dt
= −gρ
′
ρ
− 1
ρ
dp′
dz
− gqL − αw2 , (1)
neglecting Coriolis and frictional force terms. The first term on the right-hand side of
eq. 1 represents the buoyancy force which results from density deviations ρ′ compared to
the surrounding air of density ρ. In a convectively favourable environment, an ascending
parcel of air would be accelerated upwards as long as it retains a lower density (or higher
temperature, resp.) compared to its surroundings. Thus, after integration of eq. 1 and
neglecting all other terms on the right-hand side, the maximum vertical velocity wmax at
the height z is then
wmax(z) =
√
2
∫ z
LFC
−gρpar − ρenv
ρenv
dz =
√
2CAPEz , (2)
where CAPEz designates the convective available potential energy within the layer reach-
ing from the level of free convection, LFC, up to the height z, while ρpar and ρenv represent
the parcel and environmental air densities.
In reality, the vertical velocity is further influenced by at least three other forces, namely
the perturbation pressure gradient force −1
ρ
dp′
dz
, the downward pointing force of the mass
of the condensed water properties −gqL and the mass entrainment of air drawn into the
cloud −αw2.
In an atmosphere with little or no vertical motion, the vertical acceleration due to the
pressure gradient force is balanced by the Earth’s gravity, a state which is known as
hydrostatic equilibrium. However, convective processes happen to be quite intense re-
garding vertical motion, with the result that the hydrostatic balance cannot be assumed
in general. One aspect involving the perturbation pressure gradient force −1
ρ
dp′
dz
is the
updraft’s deceleration because of the air which has to be replaced at the top of the rising
column. Here, the positive pressure perturbation generates a downward pointing force
which suppresses undisturbed rising. The contrary effect applies to the bottom part of
the updraft with corresponding influence on dw
dt
. Since that particular contribution to
the perturbation pressure gradient force is comparatively weak for small and intermedi-
ate updrafts (see Houghton, 1985), it is neglected in the presented idealised convective
precipitation model.
The mass of condensed water (commonly referred to as ”water loading”) counteracts up-
ward accelerations and can even lead to downward motion if the liquid water content qL
becomes too large (typically found in downdraft areas of convective storms).
Another effect that reduces upward acceleration is the inertial force related to environ-
mental air which is entrained into the updraft. Because that air is initially at rest outside
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of the cloud, work has to be done to adjust its motion to the updraft, thus reducing the
overall acceleration. The incorporation of this term into a one-dimensional model formu-
lation is approximated via an entraining jet model following Holton (1972), represented
by the last term in eq. 1. The entrainment parameter α
α =
dlnM
dz
=
dln(Aρw)
dz
=
A2ρ2w2 − A1ρ1w1
Aρw∆z
, (3)
depends on the difference of the mass fluxes through the upper and lower boundaries of
each layer ∆z, where A2 and A1 represent the top and bottom areas of that layer. In case
of increasing vertical velocity with height, w2 > w1, α becomes positive and slows down
the updraft. Near the top of the cloud, where reduced buoyancy results in decreasing
ascent, a negative α develops (”detrainment”) and helps to maintain upward motion to
some extent.
Except for perturbation pressure, all of the described terms are included in the presented
one-dimensional convective precipitation model. The rate of air mass lifting, expressed
by the vertical wind velocity w, determines the rate at which water vapour condenses to
cloud water (or cloud ice) and falls out as precipitation in the end.
1.2 Liquid water production
The precipitation formation process used in the model follows the assumption of a parcel
of air rising from a mixed boundary layer, continuing its ascent above the condensation
level with the moist-adiabatic temperature lapse rate Γm (after Durran and Klemp, 1982):
Γm = − g
cp
(1 + qv + qL)
(
1 +
Lvqv
RT
)[
1 +
cpvqv + cwqL
cp
+ 0.622
L2vqv
cpRT 2
(
1 +
qv
0.622
)]−1
,
(4)
where qv and qL are the specific humidity of vapour and condensate, Lv the latent heat
of vapourisation, R the specific gas constant, and cpv, cp and cw represent the specific
heat of water vapour, dry air and water. Due to the cooling, the saturation water vapour
pressure esat(T ) decreases and the excessive amount of vapour is released as condensed
water (or ice) qL
qL(∆z) = ∆qv,sat ρ∆z = 0.622
(
esat(T2)
p2 − 0.378esat(T2) −
esat(T1)
p1 − 0.378esat(T1)
)
ρ∆z . (5)
For simplicity, all other microphysical processes such as particle formation time and evap-
oration of condensate are not considered, because the model is designed to give an upper
limit of convective precipitation. The resulting precipitation rate at the ground is there-
fore only made up of the condensation rate (eqs. 1 and 5) and the terminal fall velocity
of the particles, wprecip = 9ms
−1.
1.3 Balanced mass fluxes
The updraft diameter of a convective cell typically ranges from a few hundred meters in
cumulus clouds to the order of ten kilometers within big supercells (see Wakimoto, 2004 for
an example). For the overall mass of air to be balanced in the affected area, compensating
subsidence must take place in the environment of the cell’s updraft region. One part of
those downward oriented mass fluxes is supplied by moist downdrafts connected to falling
precipitation particles, while dry downdrafts in the proximity of the cloud are responsible
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for the other part (Fritsch, 1975). Both contributors reduce the total amount of available
instability, either through stabilisation of low-level air by evaporative cooling within the
moist downdraft or through warming of upper and mid-level air due to adiabatic descent in
dry downdrafts. The latter effect is mandatory for all convective systems and influences
the lifecycle of convection depending on the area where the subsidence occurs. In an
idealised framework, the total mass flux on each level can be estimated using the slice
method (Holton, 1972):
ρupwupa = −ρdownwdown(1− a) . (6)
If the relative updraft area a (the fraction of the total area influenced by the convective
cell), the air densities of cloud interior ρup and environment ρdown, and the updraft speed
wup are known, the environmental downward motion wdown can be directly derived from
eq. 6. The downward mass flux in the precipitation core is treated in the same way,
provided that downdraft speed and area are given as well.
2 Model results
2.1 Sensitivity study
The described idealised one-dimensional convective precipitation model has been applied
in a sensitivity study to illustrate the individual impacts of intense convection’s key ingre-
dients. Since the generation of upward vertical velocity depends on the amount of buoy-
ancy within the cloud, the convective available potential energy CAPE is one decisive
parameter that determines the magnitude of convective motion. Regarding precipitation,
the water vapour content ppw of the involved air column represents another limit for the
condensation rate that results from convective lifting. Both higher CAPE and higher
ppw yield increasing precipitation rates consequentially. However, the following model
sensitivity study is meant to quantify the somewhat more complex dynamic interactions
within the convective cell.
In a first step, the effects of including the water loading and mass entrainment terms within
the vertical velocity equation were examined. Their influence on convective intensity is
shown in fig. 1 in relation to vertical velocity and precipitation. A typical summer-time,
convectively unstable atmospheric profile has been used to drive the model. The con-
vective cell is assumed to remain stationary during its lifetime. The initially very strong
updraft intensity (open triangles in fig. 1) is significantly reduced if the drag force of water
loading is included (circles). Moreover, the reduced updraft speed implies decreasing en-
vironmental subsidence likewise. The result is a weaker convective cell as compared to the
case of no water loading, but with a potentially longer lifetime due to slowed upper-level
warming.
The same effect can be attributed to the inclusion of the entrainment term (diamonds in
fig. 1). Entrainment of mass into the cloud at lower levels is more important for precip-
itation formation than detrainment near the cloud top since saturation vapour pressure
diminishes with increasing height. Thus, if both water loading and entrainment are con-
sidered while computing updraft velocity, the upper limit of convective intensity shrinks
to about 60% for the given setup, resulting in a slower reduction of mid- and upper-level
temperature lapse rates by compensating subsidence. Nevertheless, precipitation accumu-
lations are nearly the same in either case since the convective potential is always exploited
using this idealised scheme.
In order to capture the lifecycle of a convective cell (or an ensemble of cells) at least to
some extent with that limited method, reasonable values for the dimensions of the up-
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Figure 1: Comparison of convective precipitation rate and accumulation depending on
computation method for vertical velocity w. Lines represent the temporal evolution without
any damping forces (triangles), with the inclusion of entrainment processes (diamonds),
with the contribution from water loading (circles) and with consideration of both terms
(squares).
and downdraft areas are required. Airborne observations of motion in and near convective
clouds exhibit rather diverse configurations concerning the extent of up- and downdraft
areas (see Fritsch, 1975 among others). Smaller convective cells tend to re-establish a
balanced mass flux by narrow downdrafts right next to the cloud, while organised con-
vection, such as mesoscale convective systems (MCS), can influence thousands of square
kilometres through compensating subsidence (Houze, 1997).
Fig. 2 demonstrates the spectrum of possible lifecycles contingent on the relation a of
updraft and subsidence area. For a limited area of dry subsidence, expressed by a large
relative updraft area a (a = 20%, squares), the modeled convective cell is dying after a
short time because of strong warming aloft. Not just the accumulated amount of pre-
cipitation is restricted then, but also the peak intensity since it takes some time for the
ascending air to reach higher levels and hence higher velocities. If a is gradually reduced,
the environmental subsidence takes place on a broader scale which implies slower down-
ward motion to compensate the upward mass flux in the cloud. For that reason, the
possible lifetime of convection is extended and allows more intense rainfall. The curves
with triangles in fig. 2 can be attributed to some sort of organised convection as com-
pensating subsidence is very widespread. Assuming an updraft area of 10km2 in case
of an isolated cell, a significant region of 1000km2 is involved with sinking air to fulfill
the criterium a = 1%. The peak intensity converges towards its maximum for very large
subsidence areas.
However, lifetimes greater than one hour of one particular convective system (one cell or
a conglomerate of more cells) are closely connected to an organised convection process,
provided that precipitation-cooled low-level air does not undercut the moisture inflow
within the boundary layer. Otherwise, undercutting replaces the warming aloft as the
limiting factor. Since long-lived convection usually demands considerable wind shear, two
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additional diminishing aspects gain importance. One of them is evaporation of falling
precipitation outside of saturated areas due to a tilted updraft, which causes the precip-
itation efficiency to shrink rapidly for higher wind shear values (Foote and Fankhauser,
1973). Furthermore, vertically sheared wind fields imply generally stronger wind speeds
and restrict the precipitation duration at one point due to faster cell movements (keep in
mind that the results in fig. 2 apply for a stationary cell).
Figure 2: Sensitivity study of convective precipitation produced by an idealised stationary
cell, depending on the ratio a of updraft to subsidence area. Open symbols describe the
temporal evolution of precipitation intensity for differently sized subsidence areas, filled
symbols represent accumulated amounts over time. Higher values of a imply larger relative
updraft areas and smaller relative subsidence regions.
2.2 Case study: Berlin storm - 25 August 2006
On 25 August 2006, a heavy precipitation thunderstorm dumped a remarkable amount of
108mm of rain and hail within just one hour at the observing station Berlin-Tegel. The
storm was embedded in a weak to moderate southerly flow at the eastern flank of a cutoff
low located over north-central Germany. In the early evening, a broken line of convective
activity moved northward across the region. Contrary to the surrounding stations, Berlin-
Tegel received that much precipitation because of continuously developing new cells near
the station which led to very localised flooding.
Fig. 3 shows a radiosonde sounding of the nearby station Lindenberg shortly before the
line’s arrival. In order to investigate the convective precipitation potential with the afore-
mentioned model, the temperature and dewpoint close to the surface have been adjusted
to the observed values at Tegel, resulting in an increase of convective available potential
energy from 730 to 850Jkg−1. Despite those only moderate values of instability, significant
vertical motion can develop given the suitable environmental conditions (e.g. moderate
wind shear and high relative humidity). Shortly after initialisation of the convective pro-
cess, the model-simulated vertical wind velocity w reaches its maximum near the top of
the convective cloud (near the tropopause at 300hPa). The temporal evolution of the
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Figure 3: Skew-T-diagram of a modified ra-
diosonde sounding at Lindenberg (southeast of
Berlin) on 25 Aug 2006, 18UTC. Temperature
and dewpoint close to the surface have been
adapted to observed values prior to the arrival
of the convective line at the station Berlin-Tegel.
The barbs represent wind direction and speed in
knots.
cell’s updraft is pictured in fig. 4. The sudden drop of rising motion some minutes after
the peak intensity can be explained by the feedback of the huge amount of liquid water
that is being released by the strong ascent. Due to compensating sinking motion outside
of the cloud, the adiabatic warming is strongest at upper levels which leads to an earlier
decay of instability and upward motion at these levels.
Precipitation rates simulated by the one-dimensional model reveal the upper limit of con-
vective intensity for the present moderately unstable and warm atmospheric conditions
(fig. 4). During the most active period, the observed precipitation intensity ranged from
about 1.5 to 3mm per minute (Niketta and Myrcik, 2006), with the peak values close to
the simulated intensity of 3.5mm per minute. The same applies for accumulated precip-
itation during the whole period which lasted about 70 minutes. The simulated rainfall
maximum for this duration amounts to 149mm and is only 27mm higher than the observed
equivalent.
3 Conclusion
The presented idealised convective precipitation model converts convective available po-
tential energy to kinetic energy under consideration of the interacting terms of liquid
water loading and entrainment processes. Because any microphysical processes except for
saturation water vapour adjustment are neglected, it is valid only for the estimation of an
upper limit of convective activity in a particular atmospheric environment. Contributions
from the perturbation pressure gradient force are not incorporated either, an assumption
which is acceptable within the scope of an idealised model approach.
Despite the limited sophistication of the model, a number of key ingredients for heavy con-
vective precipitation can be examined concerning their influence on intensity and temporal
evolution of a convective cell. The concept of compensating environmental subsidence is
useful to describe the possible lifetime of an isolated cell or a convective system. It shows
that long-lived convection, as observed with supercells or mesoscale convective systems,
requires widespread descent in order to maintain a significant amount of instability in the
vicinity of the storm.
The case study of the heavy precipitation thunderstorm over Berlin-Tegel reveals the re-
markably high degree of precipitation efficiency since the observed precipitation amounts
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Figure 4: Temporal evolution of the heavy precipitation convective storm simulated with
the idealised one-dimensional model. Top: convective rainfall intensity (open symbols)
and accumulation (filled). Left: simulated updraft vertical velocity shown for some of
the main pressure levels. The maximum of ascending motion in a column is given by
wmax. Stationarity has been assumed to meet the quasi-stationary character of the observed
storm.
are rather close to the simulated upper limit of convection for the given environment.
Another interesting aspect of that particular event is the quasi-stationary storm mode
which could not be observed with other storms along the triggering line, thus confining
the accumulations to much lower values there. In the case of a moving cell, the rainfall
duration at one location needs to be taken into account while using the idealised model.
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